Patrick Nau et al. ments, this is generally neglected in numerical simulations (e.g. with assumed adiabatic walls), or estimated values are used. Techniques like thermocouples, thermal paint or infrared thermometry lack precision, spatial resolution and are often prone to systematic errors. As an alternative, surface thermometry with laser-induced phosphorescence (LIP) employing temperature-sensitive phosphorescent particles has been demonstrated to provide high precision with high spatial and temporal resolutions in various combustion environments [13] . Successful measurements have already been demonstrated for example on the cylinder head of an internal combustion engine [4] , on gas turbine stator vanes [5] or for the transient temperatures on a gas turbine model combustor base plate [6] .
For this purpose, the surface is coated with a thin phosphor layer, for example with an chemical binder, and then excited with a light source, preferably a laser.
Because the emission spectrum and the phosphorescence lifetime depend on temperature, two strategies can be used to derive the temperature: time resolved measurements of the phosphorescence and determination of the intensity ratio of two emission lines.
The goal of this work is surface thermometry in technically-relevant, high-pressure sooting ames. The ISF-3 Target Flame 1 (developed at DLR) from the International Sooting Flame (ISF) Workshop [7] has been chosen, such that the obtained combustor wall temperatures can complement existing data from particle image velocimetry (PIV), planar laser-induced uorescence (PLIF) of OH and polycyclic aromatic hydrocarbons (PAH), OH* chemiluminescence, laser-induced incandescence (LII) and coherent anti-Stokes Raman scattering (CARS) [811] . So far numerical simulations for this combustor [12, 13] had to rely on estimated wall temperatures. Future simulations can therefore benet from more precise boundary conditions.
In addition, several operating conditions are selected to examine the inuence of secondary oxidation air injected downstream of the main combustion zone. This feature is present in many technical combustors featuring two-stage combustion or cooling air injection for the combustor walls. Globally fuel rich and lean cases are chosen, that will allow to investigate the inuence of the thermal radiation from soot particles. To our knowledge phosphor thermometry has not been applied in this kind of ames before.
Two phosphors, YAG:Eu and YAG:Dy, have been used to measure temperatures from 1000 K to 1500 K and from 1500 K to 1800 K, respectively, using the decay rate method. In addition, the intensity ratio of two emission lines (492 nm/458 nm) from YAG:Dy has been used to extract temperatures below 1400 K. The heat ux through the combustor walls was estimated based on the measured temperature gradient between the inner and the outer surface of the walls.
Title Suppressed Due to Excessive Length A schematic of the burner setup is shown in g. 1. Details on the burner design can be found in Geigle et al. [8] , therefore only a brief description is provided here. The burner consists of three concentric nozzles. Air is supplied through the central and annular nozzle from separate plenums and passes radial swirlers. Ethylene is injected through straight channels between the air ows.
The exit planes of fuel and air are located at the combustion chamber base plate at h=0 mm. The combustor has a square section of 68 x 68 mm 2 and is 120 mm high.
On all four sides 3-mm-thick quartz windows allow optical access to the ame. Secondary air can be injected into the combustor at h=80 mm from the corner posts between the windows. The combustor is mounted in a water-cooled pressure housing with optical access from four sides. An air ow between pressure housing and combustor windows provides cooling for the quartz windows.
The air and fuel ows were controlled using electronic mass ow controllers (Bronkhorst). Flow rates for the dierent operating conditions are shown in Table 1 .
The equivalence ratio φ and thermal power P primary were calculated from the primary air ow rate Q air as a sum of central (Q air,c) and ring air (Q air,r) , whereas the global equivalence ratio φ global and the global thermal power P global were calculated from the total air ow rate, Q air + Q oxi . The amount of oxidation air is given as fraction Q oxi /Q air . The air split ratio is dened as the ratio of central air to the total combustion air Q air,c /Q air . A value of 0.3 is chosen for all investigated cases.
Phosphor thermometry
Phosphor coatings were applied to the quartz walls with a commercial binder (HPC-binder, Zyp coatings) mixed with the phosphor powder from Phosphor Technology YAG:Dy, QMK66/F-X, doping level 1.5 % Dy and 0.5 % Er sensitizer (doping levels adopted from Jovicic et al. [14] ) and YAG:Eu, QMK63/F-X, doping level 7.5 %. A mixing ratio of 0.1 g phosphor powder to 1 mL binder was used for both phosphors. Seperate windows were used for each phosphor. The mixture was spray painted onto the surface with an air brush (Badger 100). To increase homogeneity of the coating, several layers were painted on the window and dried with a heat gun after each layer. After that the substrates were heated in an oven at 350
• C for 1 h and 1000
• C for 1 h. The layer thickness was controlled with a coating thickness gauge to achieve a thickness of 10-20 µm. In previous studies no temperature gradient could be found for a thickness below 20 µm. [15] Although the operating and boundary conditions of the present study are not identical to those of [15] , the inuence of the coating on the heat transfer should not be of importance for the current measurements. The optical arrangement relative to the combustor chamber is shown schematically in Fig Results for the decay rate method are plotted on the left axis and for the intensity ratio method on the right axis.
A polynomial was tted to the experimentally obtained decay rates (or intensity ratios) to obtain a calibration formula. The temperature dierence between the polynomial and measured values is also shown in g. 2.
Using the decay rate method for YAG:Eu, the standard deviation of this dierence is 3 K and for YAG:Dy 5 K.
Since the intensity ratio method is less sensitive, the standard deviation is 13 K below 1100 K but 58 K above 1100 K. At higher temperatures the thermal background signicantly inuences the signal level and therefore re-
To further analyze the sensitivity of both phosphors and methods, the normalized derivative of the calibration polynomial (dτ /dT/τ /T, with temperature T and decay rate or intensity ratio τ ) is plotted in g. 3. It is clearly visible that the decay rate method is more sensitive, resulting in higher accuracy. In addition, systematic errors are lower, because the absolute signal level does not inuence the measured decay rate. In case of the intensity ratio a change in signal level on one channel will aect the intensity ratio and therefore the measured temperature.
The measurement uncertainty for the decay rate method is estimated to about 0.5 %, including errors in the ref-
erence temperature during calibration, uncertainties in tting of the decay curves and laser energy uctuations.
The inuence of the laser energy on the measured decay rate has been investigated in the literature before for other phosphors. [17] We investigated this eect for both phosphors for dierent temperatures (see. g. 4).
The relationship between decay rate and laser energy can be described well with an exponential decay. At higher laser energies the inuence from laser energy uctuations is less than at low energies. Assuming a change in laser energy from 1.0 mJ to 0.8 mJ (which is more than the laser energy uctuations of <10%), the change in the decay has been calculated for each temperature and transferred into an error in the measured temperature using the calibration data from g. Another challenge is the deposition of soot on the windows. This was especially problematic for case 1.2wo in the downstream region, because no additional oxidation air was injected. Measurements were only feasible for about one minute. To remove the soot on the windows, the operating condition was changed to a global lean case by reducing the fuel ow for a few minutes and then switched back to the original operating condition.
It turned out that wall temperatures under a soot layer were signicantly lower than without soot.
In the region between about h=2040 mm, where the ame is very close to the walls (see g. However, the heat loss through the windows relative to global thermal power is quite similar for all three ames (1516±3 %). The measured temperatures are expected to be implemented in future numerical simulations of these ames as boundary conditions.
